Already the very young leaflets of oak (Quercus robur L.), newly emerging from their buds, are covered by a thin wax layer, but at this time it lacks any wax sculptures or crystalloids. Both in its amount and its composition this wax layer is quite different to that of mature leaves. After leaf unfolding a dynamic biosynthesis of wax lipids is started. Ten days after the leaf has emerged from its bud, wax crystalloids are seen for the first time, developing out of the wax layer in the form of platelets. These crystalloids increase in size and quantity within the next weeks and are present on both leaf surfaces. On the adaxial side a dense and uniform arrangement of fringed edged platelets is observed. Similar dense arrangements of platelets are found on the abaxial leaf side, but with an intensive concentration and orientation around the stomata. All platelets are composed of tetracosanol, the main wax component, accounting for more than 40% of wax.
Introduction
All aerial organs of higher plants are covered by a thin continuous wax layer. This layer represents the interface between land plants and their aerial environment and is a protective and a transpira tion barrier of the epidermal plant cells. This layer is therefore responsible for the control of transpi ration and gas exchange through the stomata [1] [2] [3] .
On mature leaves the wax layers are often super imposed with wax sculptures or wax crystalloids, and show most different ultrastructures on the adaxial and the abaxial leaf surfaces, for example on broadleaf trees [4] [5] [6] [7] [8] .
Epicuticular leaf waxes consist of homologous series of very long chained lipids and usually of tri terpenoids, also. Yield and composition of these wax mixtures change during leaf development and growth as shown recently for Fagus sylvatica [9, 10] , Tilia tomentosa [11] , Quercus robur [12] and Citrus aurantium [13] .
Reprint requests to Dr. P.-G. Gülz The very young oak (Q . robur) leaflets just emerging from buds contain a continuous wax lay er quite different in yield and composition from that of the mature leaves. During May and June a dynamic biosynthesis of wax lipids is observed. Wax amount is doublet quantitatively with respect to leaf dry weight (0.57% to 1.10%) or leaf surface area (24.1 ng/cm2 to 48.1 ng/cm2). Wax amount in creased from 64 ng to 4574 (ig per leaf in 1991. Wax of mature leaf consists of homologous series of hydrocarbons, wax esters, aldehydes, fatty acids and the triterpenols: taraxerol, ß-amyrin, a-amyrin and lupeol, free and esterified with fatty acids [12] .
The surface wax structures of Q. robur were studied continuously by scanning electron micro scopy (SEM) in the present investigation during a vegetation period in 1990 and also 1991. These re sults are correlated with the chemical composition of the leaf wax, analyzed at the same stages, in order to study the variations of surface wax ultra structures and their chemical implications as well as leaf developmental factors.
Materials and Methods
Leaves of the oak tree Quercus robur L. were harvested from an isolated tree, grown in the gar den of the Botanical Institute, of the University of Cologne. Leaf samples were collected from April to November in 1990 and 1991. Leaves were har vested twice a week in April, May and June and then once a week for the rest of the season. Epi cuticular waxes were extracted from leaves by im mersing them in CHC13. Wax components were isolated and analyzed as described by Gülz and Müller [12] . The patterns of the oak leaf wax com ponents on 24th April, 4th May and in August 1990 in Fig. 7 are described in terms of peak area percentages of the gas chromatograms. For SEM fresh and air-dried leaves were prepared by sput tering with gold using an Emscope sputter coater and examined under a Hitachi S-405 A und Cam bridge Stereoscan 100 scanning electron micro scope at 15 and 25 kV, respectively. The SEM fig ures shown in this paper resulted primarily from preparations made in 1990.
Results
First observations of oak leaflets emerging from their buds were made on 24th April in 1990 and 6 th May in 1991. In consequence of a spell of cold weather in April 1991 [14] , the leaf unfolding was retarded in that year. The same coldness and late leaf emergence was found also for 1992. At the ini tial developmental stage, leaf area was found to be 1.3 cm2 in both years. Fig. 1 shows an SEM of the adaxial (Fig. 1A and 1 C) and abaxial ( Fig. 1 B and  1 D) surfaces of very young already rolled leaflets. Epidermal cells are folded at this initial stage and are covered in a wax layer devoid of any wax sculptures or crystalloids. This wax layer was ex tracted by washing with chloroform and the folded epidermal cells with their intact cutin layer are now clearly visible. The wax extract was analyzed throughout the vegetation period as described by Gülz and Müller [12] .
The adaxial leaf surface shows no trichomes, the abaxial bears numerous stomata and single glan dular trichomes. The development of these organs is incomplete at that early stage. Stellate hairs are found on leaves of most Quercus species [15] , but are absent on Q. robur leaves as well as on Q. petrea [16] . Ten days after leaf unfolding dynamic varia tions in surface ultrastructures are observed. Wax crystalloids are found to crystallize out of the wax layers on both adaxial and abaxial leaf surfaces, forming fringed, edged platelets (Fig. 2) . In 1990 this observation was first made on 4th May and in 1991 on 16th May. Leaf surface area at this stage was found to be 2.8 cm2 and 3.9 cm2 respectively. After this stage, a dynamic process of leaf growth starts. During May and June, leaf surface areas in crease up to 30.9 cm2 in 1990 and 47.5 cm2 in 1991 as mean values for the remainder of the season. The amount of wax was doubled during this period [12] .
In May epidermal cells, stomata and trichomes developed to their final size. Fig. 3 shows the growth process of adaxial epidermal cells during April to June. In this period leaf growth can pri marily be observed with reference to different rates of cell enlargement for single cells. It would ap pear, that all cells found in the mature leaf are present at the initial stage of leaf unfolding. Wash ing the leaves with chloroform allowed epidermal cells and walls to be seen clearly in SEM figures. This leaf treatment does not destroy the cutin lay er. However the functions of the cuticle (cutin + wax) as a barrier to the exchange of external and internal substances is destroyed. Leaves treated with chloroform lost their water very quickly. At room temperature these leaves reach their dry weight within 90 min (Fig. 4) . The transpiration barrier is no longer effective. Therefore the func tion of the cuticule is exclusively conditioned by its wax layer.
During May, wax crystalloids increase quantita tively. The adaxial and abaxial leaf surfaces have nearly the same density of crystalloids in the shape of platelets. Around the stomata a greater concen tration and characteristic orientation of these platelets is observed. The base of glandular tri chomes is already covered with the platelets (Fig. 5) .
The process of leaf growth finishes in June. At that stage a dense arrangement of fringed, edged Similar surface wax structures are found also for Q .p e tr e a [16] .
All developmental stages and ultrastructural ob servations in 1990 are reproducible in 1991.
Variations in the shape of wax crystalloids are seen within July. The sharp edged platelets melt away on both leaf surfaces. Mostly, the elevated parts of the stomata and also the adaxial cells show this melting first. In a distinct area of the leaf, shaped crystalloids and parts which have melted away are seen close together (Fig. 6) . When the contents of the glandular trichomes empties over the wax layer (Fig. 6 H) , wax crystalloids are practically dissolved. During the following months both kinds of wax structures are seen with several intermediate forms. The melting process can go so far that no more crystalloids are seen. The wax melts together to form lumps and seals. From October to November no difference could be seen in surface structures of green and yellow leaves. From October to November it appeared that the melted parts became less frequent and recrystalli zation was observed (Fig. 6 D) . platelets is found on the adaxial and abaxial leaf surfaces. The shape of these wax crystalloids is identical on both leaf sides (Fig. 5 C and 5 D) .
The epidermal cell surfaces are not even, sto mata and trichomes are clearly recognizable and rise above level of the other cells in mature leaves (Fig. 5 A and 5 B) . 
Discussion
Already the very young oak leaflets just emer ging from buds contain a wax layer, but no wax sculptures or wax crystalloids are observed at that time. The epicuticular waxes of the initial stage were extracted and analyzed and showed a lipid composition which was quite different in yield and composition from those of mature leaves. In this wax no aldehydes were detected in the first prepa ration of 1990 (Fig. 7) [12] .
After leaf unfolding a dynamic biosynthesis of wax lipids is started. Aldehydes, alcohols and fatty acids especially with chain lengths of C24, C26 and C28 are synthesized. Tetracosanol becomes the main wax component, accounting for more than 40% of the wax (Fig. 7) [12] .
This substance is therefore responsible for the development of wax crystalloids in the shape of platelets out of the continuous wax layer. These platelets are detected on both leaf surfaces for the first time 10 days after leaf unfolding (Fig. 2) .
In May and June a dense and uniform arrange ment of fringed, edged platelets develops from the wax layer on both sides of the leaf. In addition, an intensive condensation and orientation of platelets around the stomata is found on the abaxial leaf side (Fig. 5) .
In 1991, leaf emergence is on 6 th May, 12 days later than in 1990, due to a spell of cold weather in April. The temperature fell below 0 °C in the mid dle of April 1991. In that year dry weight of leaves was rather higher in the first preparations and wax from the sample of 6th May 1991 already con tained traces of aldehydes. Increasing rates of aldehydes were found 10 days later. The activation of enzymes controlling the biosynthesis of alde hydes cannot therefore be retarded by the low tem peratures experienced by the leaves emerging from their buds. Climatic factors can influence leaf de velopment or the amounting and composition of wax produced in the initial stages. The develop ment of wax crystalloids was again observed 10 days after leaf unfolding on 16th May 1991. Wax amount and composition reach the same mean values and standard deviations for July to November in both years [12] . Only values for leaf size were higher in 1991 (X ]6 = 47.5 ± 5.6 cm2) than in 1990 (X 24 = 30.9 ±3.1 cm2). In both July 1991 and 1990 very hot days, with temperature in excess of 30 °C occurred [14] . At that time we observed for the first time that a melt ing away of parts of the wax crystalloids occurred. First a rounding of the edges of the platelets was seen, followed by melting of the whole platelets and finally lumps and seals of wax were observed. Wax crystalloids and melted waxes are always seen on the same leaf on both surfaces. The transitions between both wax shapes are gliding without sharp limits. In a small area both wax shapes are found close together (Fig. 6 ) . A melting away of the wax crystalloids is never observed for the whole leaf, only distinct parts of the leaf are affect ed. These leaf parts may be those which are direct ly exposed to the sun while others are in the shade. These wax variations may be caused by external climatic factors such as increases in temperature to more than 30 °C. In October and November when temperatures decrease, a recrystallization of wax platelets is observed.
On the other hand internal factors may cause the platelets to disappear. On the abaxial leaf sur face glandular trichomes are found. These glands contain essential oils, which can be isolated by steam distillation in a concentration of about 0.025% of fresh weight from Q. robur leaves [Gülz, unpublished] . Essential oils from leaves of Q. agri fo lia have been described recently [17] .
Essential oils dissolve waxes and their crystal loids when they are pressed out of the glands. A solution or melting away of platelets is not only observed on the abaxial leaf side where glands are found, but also on the adaxial surface, where no trichomes are present. On this adaxial leaf side es sential oils cannot cause the disappearance of wax platelets. Various factors may be responsible for the solution or the melting away of platelets on oak trees. Besides an increasing of temperature, other environmental factors or air pollution with organic solvents can be discussed for these obser vations, but we have found no concrete evidence in support of these factors.
Throughout the vegetation period, the chemical composition and ultrastructure of leaf surface waxes is correlated with leaf development for three deciduous broadleaf trees T. tomentosa [7, 11] , F. sylvatica [8 , 9] and Q. robur [12] in the last three years. These studies revealed that many factors such as the moment of leaf emergence, duration of leaf development, wax composition, surface wax structures, wax crystalloids and leaf morphology may vary for different plants.
Several general observations were also made: Folded leaves in buds already contain a wax layer without any wax sculptures or crystalloids. Waxes of this initial developmental stage are quite differ ent in yield, composition and surface structure to those of mature leaves.
After unfolding of the leaf, a dynamic biosyn thesis of wax lipids begins. Wax lipids with very long chain lengths in particular are synthesized. The synthesis of wax esters however is inhibited.
About 10 to 15 days after leaf unfolding the de novo biosynthesis of distinct lipids is started. At this time aldehydes are found for the first time in waxes of F. sylvatica, Q. robur and T. tomentosa and additionally ß-amyrenyl acetate in T. tomen tosa.
10 to 15 days after leaf unfolding wax sculptures (F. sylvatica) or wax crystalloids (rodlets for T. tomentosa and platelets for Q. robur) developed out of the continuous wax layers.
After 5 to 12 weeks wax biosynthesis is complet ed. From July to November wax amount, com position and surface structures remained nearly constant.
Climatic factors can influence leaf development in the initial stages, but do not affect the final values.
The presence of one particular wax lipid in a rel atively high concentration within the mixture of leaf waxes, leads to the formation of wax crystal loids with a distinct, characteristic shape. There is a close correlation between particular compounds and the specific micromorphology of the wax crys talloids they form.
